Abstract: Study of coordination compounds of lanthanide elements has received a great attention due to growing applications in science and technology. Number of chromogenic reagents form water soluble colored complexes with lanthanides. Eriochrome cyanine R (ECR) a member of triphenylmethane type of dye has been reported to form green colored complexes with lanthanides and has been used for microdetermination of these metal ions. Addition of cationic surfactant, Cetylpyridinium bromide (CPB), a cationic surfactant sensitizes the color reactions of Gd(III), Tb(III), Dy(III), Ho(III) and Lu(III) with ECR. Formation of water soluble, highly colored ternary complexes with a considerable bathochromic shift of about 50 nm in presence of surfactant has been observed. Optimum reaction conditions and other analytical parameters were also evaluated. Stoichiometric ratio 1:3:3 of Ln: ECR: CPB are responsible for the observed rise in molar absorptivity and sensitivity. Beer's law was obeyed between 0.50 to 13.00 ppm. Effective photometric range and molar absorptivity of these ternary complexes have been calculated. Effect of some common interfering ions on determination of these lanthanide metal ions was studied. A simple, rapid and highly sensitive spectrophotometeric method has been proposed for the determination of metal ions understudy.
Introduction
Lanthanides find very wide applications in modern science and technology and have attracted the attention of the analysts. Gadolinium metal is used in iron, chromium and in some alloys to increase their resistance to oxidation at high temperatures. In the medical realm, solutions of gadolinium compounds are used as intravenous contrasts to enhance images in patients undergoing magnetic resonance imaging (MRI). Terbium is used as a dopant in calcium fluoride, calcium tungstate and strontium molybdate which are used in solid-state devices. Terbium can be used with ZrO 2 as a crystal stabilizer in high temperature fuel cells. Dysprosium metal is used in permanent magnets for the use in audio speakers and industrial applications and also for magnetostrictive alloys. Holmium is used as a dopant for yttrium-aluminum garnets used in laser surgery. Lutetium is used in cracking and polymerization of catalysts. Lanthanum and yttrium are used in high technology applications, such as in superconductors, supermagnets, laser and alloys 1 .
Several organic reagents have been developed as a binary complex for the determination of these metal ions by various photometric methods and a very few ternary complexation of these metal ions have been reported and discussed in the present investigation. The luminescence signal from a terbium(III)-levofloxacin complex, in a micellar solution of sodium dodecyl sulfate (SDS), using a chemical deoxygenating agent (Na 2 SO 3 ) 2 and luminescence sensitization of terbium (Tb 3+ ) by formation of ternary complex with ibuprofen (IB) in presence of tri-n-octylphosphine oxide (TOPO) and tween-20 as surfactant have been reported 3 . Surfactant (CPB) sensitized analytical reaction of cerium(IV) with some triphenylformazan derivatives was studied by Ahmed and his coworkers 4 . Determination of trace amount of ruthenium(III) by the spectrophotometric method with rhodamine B in micellar medium (CTAB) was studied by Mohsen Keyvanfard 5 . Samarium(III) was determined spectrophotometrically by using chrome azurol S in presence of cetylpyridinium chloride 6 . Some of the rare earth elements with chrome azurol S in presence of cetyltrimethylammonium bromide and Triton x-100 were determined spectrophotometrically 7 . 2-Hydroxy-1-naphthaldehyde-p-hydroxybenzoic hydrazone as a spectrophotometric reagent was used for the determination of lanthanum(III) in presence of CTAB 8 . Ternary interaction of naphthochrome green (NCG) with cetyltrimethylammonium bromide (CTAB) and rare earths (REs: Yb, Dy, Er and Eu) has been investigated with the microsurface adsorption-spectral correction technique (MSASC) 9 . The solution studies of ternary (1:1:1) complexes of Eu(III), Gd(III) and Tb(III) with benzoic acid/ its derivatives and uracil/ its halo derivatives in dioxane-water (30:70 v/v) medium (ionic strength I = 0.1 mol·dm -3 NaNO 3 ) have been performed 10 . Cationic surfactants, such as cetylpyridinium bromide (CPB) sensitize the color reaction of Nb(V) with 1-(2-benzothiazolylazo)-2-hydroxy-3-naphthoic acid (I a ), 5-(benzothiazolylazo)2,5-naphthalenediol (I b ), 5-(2-benzothiazolylazo)8-hydroxyquinoline (I c ) and 4-(2-benzothiazolylazo) 2,2 -biphenyldiol (I d ) reagents have also been reported 11 . Lanthanum, holmium and manganese in synthetic ceramics, (La (0.8-x) Ho x Sr 0.2 MnO 3 ) by using chromogenic agent 5-Br-PADAP [2-(5-bromo-2-pyridylazo)-5-diethylaminophenol] and triton x-100 as a surfactant were determined by spectrophotometric method 12 . The chromophore eriochrome cyanine R (ECR) was developed to sensitively coordinate Al(III) and Fe(III) in presence of cetylpyridinium chloride (CPC) at pH 4.8.It is reported that trace amounts of Fe(III) can displace Al(III) from the Al(ECR)(CPC) ternary complex to form the Fe(ECR)(CPC) complex 13 . Considering vast applications and the increasing demand of more sensitive reagents, the present study has been planned for microdetermination of some lanthanides as ternary complex with higher molar absorptivity and sensitivity which primarily decides the usefulness and its importance. Literature survey reveals that ternary complexes of ECR with Gd(III), Tb(III), Dy(III), Ho(III) and Lu(III) in presence of micelle forming cationic 'surfactant CPB have not been reported so far. Result of the experiments carried out with ECR in presence of CPB and its interaction with Gd(III),Tb(III), Dy(III), Ho(III) and Lu(III) have been discussed in present investigation and suggested suitable procedure for microdetermination.
Experimental
All the chemicals used were of analytical grade purity. ECR supplied by Sigma chemical company (U.S.A.) and CPB by Aldrich chemical company were used. The purity of CPB was tested by argentometric titration for determination of bromide ion content 14 . The lanthanides used as their oxides and were supplied by Indian Rare Earth Ltd. India, of 99.99 % purity. The stock solution of ECR of 1x10 -2 M and CPB of 1x10 -1 M strength were prepared. The lanthanide(III) ion solutions of 1x10 -2 M strength were prepared by dissolving respective oxides in minimum quantity of AR grade hydrochloric acid which were standardized by precipitating metal ions as their oxalates and were estimated volumetrically by using bromopyrogallol red as a complexometric indicator 15 . All subsequent dilutions of desired concentration were made by using double distilled water.
Order of addition of reagents
Order of mixing of solutions of different reagent was maintained strictly throughout the work. The CPB solution was first added to ECR solution and kept for half an hour. The metal ion solution was then added to this solution and again kept for half an hour to reach complete equilibrium. All the absorption measurements were made by using Systronic Visiscan-167 model spectrophotometer with matched glass cells of 10 mm light path working on its current supply (220V) device. The pH adjustment was done using Elico Model LI -10 pH meter with glass and calomel electrode assembly and checked frequently with buffer solution of potassium hydrogen phthalate and borax. The pH of desired solution was adjusted using hydrochloric acid and sodium hydroxide solution of suitable concentration.
Results and Discussion

Effect of CPB on absorption spectra of ECR
Absorption spectra of ECR solution show characteristic λ max at about 500 nm in low acidic medium (pH 5.5-6.0) and 432 nm in alkaline medium (pH 7.0 -10.0) while in more acidic medium (pH 1.0 -2.0) at 475 nm 16 . On addition of CPB in more acidic medium, the absorbance decreases with appearance of new peak at 507 nm causing marked color change from red to light pink and in more diluted solution to almost colorless. This color change has been achieved in acidic medium due to early dissociation of protons in presence of CPB 17 . This decolorization might be attributed to the interaction between anionic dye and cationic surfactant as expected.
Decolorizing effect at the λ max of ECR i.e.432 nm in presence of CPB has been observed in the pH range 6.0-10.0 and indicated the minimum 1:1 ratio ECR to CPB is necessary 18 . When this ratio was reached, absorbance of the reagent remains unaltered even when fivefold excess of CPB has been added. Therefore, the tentative composition of so called "Dye -Surfactant" association may be represented as [ECR (CPB)]. No direct proof of this association could be collected in present investigation as all the attempts have been failed to isolate it from solution as concentration was very low. Similar results were obtained at other pH values where further studies of ternary complex formation have been carried although effects were less pronounced. Nature of absorbance spectra of ECR was changed in presence of higher amount of mineral salts. Effects caused by the addition of chloride and sulphate ions were less as compared to nitrate ions.
Complex Formation with Gd(III),Tb(III), Dy(III), Ho(III) and Lu(III)
The spectrophotometeric determination of metal ion with ECR is restricted to the pH range 0.0-6.0 because color effect due to deprotonation. The maximum complexation has been observed In Figure 1(a) , at pH 6.2, curve A is for absorption spectra of ECR alone shows λ max 432 nm, curve B is for ECR in presence of CPB shows λ max 426 nm showing small hypsochromic shift, curve C is for ECR-Gd(III) complex shows λ max 530 nm indicating binary complexation and curve D is for ECR-CPB-Gd(III) complex shows λ max 600 nm indicating formation of strong ternary complex with a bathochromic shift of 70 nm.
In Figure 1 (b), at pH 6.2, curve A is for absorption spectra of ECR alone shows λ max 432 nm, curve B is for ECR in presence of CPB shows λ max 426 nm showing small hypsochromic shift, curve C is for ECR-Tb(III) complex shows λ max 560 nm indicating binary complexation and curve D is for ECR-CPB-Tb(III) complex with a bathochromic shift of 46 nm shows λ max 606 nm indicating formation of strong ternary complex.
In Figure 1 (c), at pH 6.0, curve A is for absorption spectra of ECR alone shows λ max 432 nm, curve B is for ECR in presence of CPB shows λ max 426 nm showing small hypsochromic shift, curve C is for ECR-Dy(III) binary complex shows λ max 555 nm and curve D is for ECR-CPB-Dy(III) complex shows λ max 606 nm indicating formation of strong ternary complex with a bathochromic shift of 51 nm.
In Figure 1(d) , at pH 6.0, curve A is for absorption spectra of ECR alone shows λ max 432 nm, curve B is for ECR in presence of CPB shows λ max 426 nm showing small hypsochromic shift, curve C is for ECR-Ho(III) complex shows λ max 564 nm and curve D is for ECR-CPB-Ho(III) complex shows λ max 596 nm indicating formation of strong ternary complex with a bathochromic shift of 32 nm.
In Figure 1 (e), at pH 6.1, curve A is for absorption spectra of ECR alone shows λ max 432 nm, curve B is for ECR in presence of CPB shows λ max 426 nm showing small hypsochromic shift, curve C is for ECR-Lu(III) complex shows λ max 564 nm and curve D is for ECR-CPB-Lu(III) complex shows λ max 606 nm indicating formation of strong ternary complex with a bathochromic shift of 42 nm.
Strong complexations in presence of CPB with all metal ions under study with a large bathochromic shift in the formation of ternary complexes with increase in absorbance at shifted wavelength which appeared to be convenient to study the analytical applications further for microdermination.
Effect of pH
Dependence of the wavelength maxima on changes in the acidity of an aqueous solution of ECR, ECR+CPB, ECR+Ln(III) and ECR+CPB+Ln(III) have been studied and representative plots have been shown in Figure 2 . It has been found that λ max of binary complexes remains constant in pH range 5.5 to 6.0 in absence and 5.5 to 7.5 in presence of CPB indicating the pH range of stability of complex formation. The optimum pH range of stability where the absorbance of the complex remains constant at the λ max of the ternary complex has been calculated. Optimum pH range of stability have been calculated at the λ max of binary complexes and was found to be 5.8 to 6.2 for Gd(III) , 5.8 to 6.1 for Tb(III), 5.9 to 6.2 for Dy(III), 5.7 to 6.0 for Ho(III), 5.5 to 6.1 for Lu(III) in absence; and in presence of CPB for ternary complexes 5.7 to 6.4 for Gd(III), 5.7 to 6.5 for Tb(III), 5.7 to 6.4 for Dy(III), 5.7 to 6.5 for Ho(III), 5.8 to 6.5 for Lu(III). Thus ternary complexation takes place in wider pH range as compared to binary complexes and has been observed for all the lanthanide metals understudy. 
Figure 2. Variation of absorption maxima with pH for ECR and Gd(III).
Composition and stability constant of complexes
Composition of complexes was studied by Job's method of continuous variation 19 and was further confirmed by Mole ratio method 20 . The stoichiometric composition of metal ion and ECR have been found to be1:2 in absence [as shown in Figure 3 [L]} of complexes of the lanthanide metal ions understudy in absence and presence of CPB showed that the value for particular metal in presence of CPB is greater in presence than in absence of CPB. This is due to the formation of stable ternary complexes with modified reagent. 
Analytical applications of ternary complexes
Formation of intense colored ternary complexes with large bathochromic shift and corresponding increase in absorbance values at shifted wavelength facilitates the analytical measurements for microdetermination of metal ions. Some important analytical parameters and applications for metal ion determination have been summarized in absence and presence of CPB in Table 1 .
Rate of color formation and stability of color at room temperature
Color formation does not depend on reaction time and is almost instantaneous. However the mixtures were kept for 30 min. for complete equilibration before recording their absorbances. Stability of color was tested at room temperature by measuring the absorbance of complex at regular interval of time. The maximum absorbance was achieved in 5 min. after the addition of reactants. Color is quite stable for more than 48 h. at room temperature. The temperature was found to have no effect on color intensity of ternary complexes from 20 0 -60 0 C.
Effect of reagent concentration
Different volumes of 1.0x10 -3 M of ECR were taken in different volumetric flasks to which 0.3 mL of 1.0x10 -2 M of CPB was added. 3 mL of 1.0x10 -3 M metal ions was then added in each flask and total volume was maintained at 25 mL and adjusted at respective pH value, and absorbance readings were recorded at the λ max of the ternary complex. It was found that ECR should be presented at least equal to metal ions concentration to have maximum color development in presence of CPB. However in absence of CPB, reagent needed was eight times as that of metal ion for full color development.
Beer's law and effective photometric ranges
Linearity between the absorbance of complex and concentration of metal ion was tested by taking different volumes of metal ion solution of 2.0x10 -4 M in absence and presence of CPB. Concentration of ECR and CPB solutions used were 5.0x10 -4 M and 5.0x10 -3 M respectively. Volume of ECR used was 4.0 mL and of CPB solution used was 1.2 mL and volume was kept constant at 25 mL at pH about 6.0. Absorbance values were measured at their respective wavelength of maximum absorbance (λ max ) for binary complex in absence and at their respective wavelength of maximum absorbance (λ max ) for ternary complex in presence of CPB. As shown Figure 4 (a) and 4(b) of absorbance Vs. metal ion concentration, the Beer's law ranges were then calculated and found to be 0.5 to 17 ppm for binary complexes. However in presence of CPB, these ranges have been found to be 0.5 to 13 ppm for ternary complexes. 
Sensitivities and molar absorptivities
Average values of effective molar absorptivities of metal complexes in absence and presence of CPB at the wavelength of study are given in the Table 1 and found to be highest values ever reported in the literature so far for metal ions understudy. It may be stated that the sensitivity in term of molar absorptivity of the complex ion is commonly of little significance for spectrophotometic determination. Its value is usually higher than of net or effective molar absorptivity at given concentration of the metal ion as it is derived from an absorbance value verses blank solution containing same concentration of reagent. Sandell's sensitivity 24 in absence and presence of CPB against absorbance 0.01 unit for all the metal ions are shown in Table 1 . Increase in values of molar absorptivities and sensitivities of ternary complexes, is primarily useful and important tool for determination when present in small concentration which can not be detected by binary complexations using photometric method. Results of the present investigation shows that sensitization of ECR in presence of CPB has taken place and can be used for the microdetermination of metal ions understudy.
Effect of foreign ions
The present method suffers from lack of specificity but with less interference. 
Recommended procedure for microdetermination of individual Gd(III),Tb(III), Dy(III), Ho(III) and Lu(III)
To an aliquot containing 0.5 to 13 ppm of above metal ions [Gd(III)/Tb(III)/ Dy(III)/ Ho(III)/ Lu(III)] add 5.2 mL of the modified ECR solution, prepared by adding of 4 mL of ECR and 1.2 mL CPB of concentrations 5.0x10 -4 M and 5.0x10 -3 M respectively in 25 mL volumetric flask. Dilute the solution with distilled water to 25 mL after adjusting pH for respective metal. Allow the mixture to stand for about 5 min. for full color development. Measure the absorbance of this unknown solution at respective λ max for all the lanthanide metal ions under study against reagent blank of the same pH prepared in the same manner. Amount of metal ions present in sample solution can be evaluated by comparing this absorbance from calibration curve obtained under similar condition. Results of ten determinations of all the lanthanide metal ions showed standard average deviation of ± 0.054.
Conclusion
Detailed spectrophotometeric study in present investigation have been made for the determination of Gd(III), Tb(III), Dy(III), Ho(III) and Lu(III) in absence and presence of CPB. It may be mentioned here that the anionic ECR gets attached with one cationic surfactant CPB at the pH of study which results in the decolorization of ECR. All the attempts to isolate the unmetallised ECR-surfactant complex and metallised ECR-surfactant ternary complex have been failed as the product was very much soluble in water.
Analytical applications of the ternary complexes i. e. the metallised ECR in presence of cationic surfactant CPB highlight the following facts for the sensitive microspectrophotometric determination.
1.
A bathochromic shift in wavelength of absorbance maxima of about 50 nm (average from 550 of binary to 600 nm of ternary) has been observed in presence of cationic surfactant CPB. This shifting in λ max is attributed to the formation of ternary complexes.
2.
The values of pH range of stability and the optimum pH range of stability show that the greater stability of the ternary complexes in presence of cationic surfactant has been observed in wider pH range as compared to binary complexes. 3.
Large bathochromic shift with higher absorbance values at shifted wavelength of the ternary complexes resulted in to heightened molar absorptivity as compared to binary complexes indicating that the sensitization have been taken place and determination of metal ion can be carried out at lower concentration.
4.
Change in the composition from 1:2 in absence to 1:3 of ternary complex in presence of surfactant and rise in log K values in presence again indicates ternary complexes are more stabilized and is of great interest.
5.
The developed procedure appeared to be quite sensitive, precise and reproducible. The commercial exploitation of these reactions needs further investigation. 6.
ECR in presence of CPB finds significant applications in spectrophotometeric analysis beyond those reported so far. Improved photometric determination may result for many others bivalent and trivalent cations. Thus the present study suggest really simple and reasonably good method for determination of these metal ions at low concentration by sensitizing the reported reagent ECR, using cationic surfactant and estimation can be carried out at simple laboratory with spectrophotometer and pH meter.
